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ABSTRACT 
The cornea forms the anterior surface of the eye and is responsible for most of the 
eye’s refractive power. Injury to the outermost layer of the cornea, a non-keratinized 
stratified squamous epithelium, triggers a transient rise in intracellular calcium 
concentration that propagates radially from the wound. This calcium mobilization is 
initiated by the binding of nucleotides such as adenosine triphosphate (ATP), which are 
released from cells ruptured by the injury, to purinergic receptors (purinoreceptors) on 
undamaged cells near the wound. Downstream effects of this injury-induced “calcium 
wave” are generally thought to include the activation of signaling pathways that promote 
wound healing. However, the specific contributions of individual purinergic receptors to 
the overall wound response have in most cases not been well characterized. 
Purinoreceptors are classified into two broad categories: the P2Y class of G 
protein-coupled receptors, which act through second messengers to release calcium into 
the cytosol from the endoplasmic reticulum, and the P2X class of ligand-gated ionotropic 
receptors, which release calcium into the cytosol from the extracellular environment. 
Previously, our lab established the importance of the P2Y2 receptor to corneal epithelial 
wound healing by showing that P2Y2 activation makes a substantial contribution to the 
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overall wound-induced calcium response, particularly in cells back from the leading 
edge, and promotes cell migration after injury. P2Y2 activation was also found to 
promote the phosphorylation of proteins involved in focal adhesions, which are multi-
protein complexes that facilitate cell migration by transmitting the forces generated by 
the actin cytoskeleton to the extracellular environment. 
More recently, our lab has begun to demonstrate that P2X7 may play an equally 
important, yet distinct and perhaps complementary role in corneal epithelial wound 
healing. For instance, P2X7 was found to strongly influence the intensity of the injury-
induced calcium response in cells immediately adjacent to the wound, and treatment with 
the P2X7 inhibitor oxidized ATP (oxATP) was shown to impair migration after injury 
both in vitro and in ex vivo rat corneas. Additionally, immunofluorescence of cells fixed 
eight hours after injury revealed an altered actin cytoskeletal architecture and localization 
of the focal adhesion proteins talin and vinculin in oxATP-treated cells compared to 
control cells. 
The goal of the present study was to further characterize P2X7’s role in the 
overall response to injury by using live cell imaging to examine actin cytoskeletal 
rearrangements and focal adhesion dynamics after injury under both control conditions 
and conditions of P2X7 inhibition. Human corneal limbal epithelial (HCLE) cells were 
transduced to express either actin or talin tagged with green fluorescent protein (GFP), 
grown into confluent monolayers, and scratch wounded in the presence or absence of 
oxATP. Cells at the leading edge of the wound were imaged using confocal microscopy 
every 10 minutes for 4 hours beginning 0.5 hours after injury. 
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Analysis of the resulting actin-GFP movies revealed trends toward delayed 
extension of filopodia in oxATP-treated cells relative to control cells, as well as complex 
changes in the number of filopodia per cell over time. Additionally, while both groups 
formed lamella containing thick actin bundles that were oriented perpendicularly to the 
direction of migration, in oxATP-treated cells the formation of these structures was 
delayed. Furthermore, in oxATP-treated cells these actin bundles tended to persist once 
formed. This was in contrast to control cells, in which they tended to turn over to be 
replaced by thinner and shorter actin bundles that were oriented more obliquely relative 
to the direction of migration. Finally, analysis of talin-GFP movies demonstrated that 
focal adhesion lifespan was extended in oxATP-treated cells compared to control cells. 
Focal adhesions in oxATP-treated cells also exhibited a greater propensity to merge 
together or split apart, further suggesting impaired focal adhesion turnover. 
Overall, these findings suggest that P2X7 plays a critical role in promoting 
migration after corneal epithelial injury by coordinating rapid rearrangements of the actin 
cytoskeleton and turnover of focal adhesions at the leading edge.  
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INTRODUCTION 
 
Cell Migration 
In mammals and other complex multicellular animals, the coordinated migration 
of cells features prominently during gastrulation (Solnica-Krezel & Sepich, 2012) and 
subsequent stages of morphogenesis (Aman & Piotrowski, 2010). It later facilitates such 
diverse processes as the dynamic remodeling of neuronal synapses in the brain (Baudry 
& Bi, 2013), immune surveillance (Nourshargh & Alon, 2014) and, most relevant to the 
present study, the repair of tissues and organs after injury (Gurtner, Werner, Barrandon, 
& Longaker, 2008). Notably, abnormal or misregulated cell migration is implicated in 
pathological processes such as the acquisition of cancer phenotypes and tumor 
invasiveness (Yilmaz & Christofori, 2009) and the impaired wound healing associated 
with diabetes (Brem & Tomic-Canic, 2007). 
During migration, cells extend membrane protrusions such as finger-like 
filopodia, which act as sensors of the extracellular environment (Heckman & Plummer 
III, 2013), and broadly shaped lamellipodia, which cells use to push and pull themselves 
in the direction of migration and which promote directional persistence of motility 
(Krause & Gautreau, 2014). Membrane protrusion is accompanied by the establishment 
of discrete points of adherence, or “focal adhesions,” between a cell and its substrate. 
Critically, membrane protrusion and focal adhesion assembly at the leading edge of a cell 
is coupled to membrane retraction and focal adhesion disassembly at the cell rear, with 
the overall effect of translocating the cell (Ridley et al., 2003). 
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Cell migration requires the intricate spatiotemporal coordination of numerous 
proteins and signaling pathways. Of central importance to this molecular network is the 
cytoskeletal protein actin, which polymerizes to power membrane protrusions. Other key 
players include proteins that regulate actin cytoskeletal organization and dynamics and 
focal adhesion proteins, which transmit the forces associated with the actin cytoskeleton 
to the extracellular matrix (Ridley et al., 2003). 
 
The Actin Cytoskeleton 
Actin is a globular, cytosolic protein that contains an ATP binding and hydrolysis 
site. The non-covalent polymerization of actin monomers into filaments is harnessed by 
cells to drive membrane protrusions and form dynamic molecular architectures essential 
to cell motility (Blanchoin, Boujemaa-Paterski, Sykes, & Plastino, 2014). Membrane 
protrusions are thought to occur by an “elastic Brownian ratchet” mechanism. According 
to this model, actin filaments in contact with and oriented perpendicularly to the 
membrane occasionally tilt away, briefly permitting their elongation by the addition of 
actin monomers. When the filaments tilt back toward the membrane, their increased 
lengths cause the membrane to protrude (Pollard & Borisy, 2003). 
Importantly, the regular orientation of actin monomers along actin filaments 
imbues the filaments with an inherent structural and kinetic polarity. In the absence of 
actin cytoskeletal regulators, the plus or “barbed” end of a filament is associated with 
more rapid addition of monomers than the minus or “pointed” end (Blanchoin, 
Boujemaa-Paterski, Sykes, & Plastino, 2014). By differentially modulating the 
recruitment and turnover of actin monomers at the plus and minus ends of an actin 
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filament, a cell may precisely and dynamically control the filament’s length and 
effectively translocate the filament along its axial dimension. This gives rise to 
phenomena such as “treadmilling,” during which the rates of polymerization and 
depolymerization at one end of an actin filament exactly equal those at the opposite end 
and thus the length of the actin filament remains constant despite the continual turnover 
of individual actin monomers (Bugyi & Carlier, 2010). 
The localization and activation of actin cytoskeletal regulators must be tightly 
regulated to coordinate successful cell migration (Ridley, 2011). This occurs at several 
levels of organization, proceeding from the manipulation of individual actin filaments to, 
ultimately, the orchestration of actin cytoskeletal dynamics on a cellular scale 
(Blanchoin, Boujemaa-Paterski, Sykes, & Plastino, 2014). At the level of individual actin 
filaments, important regulators include proteins that nucleate new actin filaments 
(Campellone & Welch, 2010), elongate existing filaments (Paul & Pollard, 2009), “cap” 
filaments to inhibit their elongation (Edwards et al., 2014), or sequester actin monomers 
in the cytosol to prevent their unregulated participation in filament nucleation or 
elongation (Xue & Robinson, 2013). It is intriguing to note that such activities are not 
necessarily mutually exclusive for a given protein (Carlier, Pernier, & Avvaru, 2013). 
Interactions between multiple actin filaments constitute an intermediate level of 
organization and are in large part coordinated by the localized actions of bundling and 
branching proteins (Blanchoin, Boujemaa-Paterski, Sykes, & Plastino, 2014). For 
instance, the activity of bundling proteins such as fascin, formins, and α-actinin produces 
the parallel juxtaposition of actin filaments characteristic of filopodia (Mellor, 2010). On 
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the other hand, the three-dimensional dendritic meshwork of actin filaments characteristic 
of lamellipodia is largely attributable to the branching activity of the Arp2/3 complex, 
which links actin filaments to each other at angles (Krause & Gautreau, 2014). 
Additionally, severing proteins such as cofilin, gelsolin, and, in certain contexts, 
myosin play a critical role in the turnover and dynamic reorganization of actin 
cytoskeletal architectures such as those found in filopodia and lamellipodia. This is 
thought to occur through the introduction of mechanical strain along an actin filament, 
causing it to “buckle” into two shorter filaments. Such fragmentation of individual actin 
filaments has the net effect of disassembling large swaths of branched or bundled actin 
cytoskeletal architectures (Blanchoin, Boujemaa-Paterski, Sykes, & Plastino, 2014). In 
concert with the rearward movement of actin cytoskeletal structures caused by the force 
of their polymerization against the membrane, this disassembly contributes to the 
treadmilling of entire actin cytoskeletal architectures in a process called “retrograde 
flow” (Blanchoin, Boujemaa-Paterski, Sykes, & Plastino, 2014). 
The actin cytoskeletal regulators described in the preceding paragraphs are 
coordinated at a still higher level of organization to mobilize the actin cytoskeleton in 
ways that are meaningful and coherent at the level of the cell. This is largely 
accomplished by the Rho GTPase family members Cdc42, Rac1, and RhoA and their 
downstream effectors. At the leading edge of a cell, Cdc42 is primarily associated with 
filopodia formation, while Rac1 primarily mediates the assembly of lamellipodia. On the 
other hand, RhoA coordinates the assembly of actin-myosin (actomyosin) contractile 
structures associated with the retraction of the cell rear (Spiering & Hodgson, 2011) and 
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the lamella, a region of the cell that lies directly behind lamellipodia and is involved in 
the maturation of focal adhesions (Schwarz & Gardel, 2012). The activities of Rac1 and 
RhoA appear to be mutually antagonistic, and the localized activities of the former and 
latter at a cell’s leading and trailing edge, respectively, are thought to give rise to a front-
rear polarity (Spiering & Hodgson, 2011). However, while Cdc42, Rac1, and RhoA were 
classically thought to imbue cells with discrete actin cytoskeleton-organizing functions 
(such as lamellipodial or contractile actomyosin structure formation), recent evidence 
points to more fluid and cooperative roles (Hanna & El-Sibai, 2013). 
 
Focal Adhesion Assembly and Turnover 
While the actin cytoskeleton and its associated regulators are sufficient to power 
membrane protrusion, productive cell migration requires that the formation of new 
membrane protrusions be coupled to the establishment of new points of adherence with 
the extracellular matrix. This is accomplished through the mechanical linkage of the actin 
cytoskeleton to transmembrane, extracellular matrix-binding integrins (Gardel, 
Schneider, Aratyn-Schaus, & Waterman, 2010), a process mediated by a remarkable 
diversity of protein intermediaries (Geiger & Zaidel-Bar, 2012). Collectively, these 
associations form multimolecular complexes called focal adhesions, which permit the 
pushing and pulling forces generated by the actin cytoskeleton to be transmitted across 
the cell membrane to the extracellular matrix (Gardel, Schneider, Aratyn-Schaus, & 
Waterman, 2010). 
Focal adhesions mature from much smaller protein complexes called nascent 
adhesions. The initial trigger for nascent adhesion formation is thought to be the localized 
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stochastic clustering of integrins embedded in the plasma membrane. The binding of the 
focal adhesion protein talin to the cytoplasmic domains of clustered integrins increases 
their affinity for the extracellular matrix. Subsequent binding of actin filaments to talin, 
further clustering of integrins, and the recruitment of additional proteins such as vinculin, 
paxillin, and α-actinin occurs in a snowballing manner to promote nascent adhesion 
stabilization (Gardel, Schneider, Aratyn-Schaus, & Waterman, 2010). 
Nascent adhesions may spontaneously disassemble or continue to mature to 
become focal adhesions. The latter occurs upon the introduction of mechanical tension 
via actomyosin-associated contractility within the lamella (Schwarz & Gardel, 2012). 
Such tension is thought to support the maturation of nascent adhesions into focal 
adhesions by strengthening the binding of integrins to the extracellular matrix and 
physically stretching proteins within the complex to expose binding and phosphorylation 
sites (Gardel, Schneider, Aratyn-Schaus, & Waterman, 2010). Important regulators at this 
stage include the same Rho family GTPases that are involved in organizing the actin 
cytoskeleton. In particular, focal adhesion turnover may be conceived of as being 
regulated by a complex interplay between RhoA, which tends to promote focal adhesion 
maturation through the assembly of contractile actomyosin structures, and Rac1, which 
exhibits mutual antagonism with RhoA and therefore tends to promote focal adhesion 
turnover (Lawson & Burridge, 2014). 
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Purinergic Signaling and the Migratory Response to Injury in the Corneal 
Epithelium 
The cornea is a densely innervated, avascular organ that forms the most anterior 
surface of the eye. From anterior to posterior, it consists of a non-keratinized stratified 
squamous epithelium, a stroma which accounts for most of the cornea’s thickness, and an 
endothelium. The cornea receives its oxygen predominantly from the atmosphere and is 
nourished mainly by tears and the aqueous humor. Given that the cornea is responsible 
for most of the refractive power of the eye, any injury to the cornea has the potential to 
seriously disrupt vision (Leibowitz & Waring III, 1998, Chapter 1). 
Epithelial abrasions are one of the most common types of injuries to the cornea 
(Leibowitz & Waring III, 1998, Chapter 30). When such an injury occurs, a calcium 
wave is propagated radially from the wound and acts to initiate the migratory response 
that will promote wound closure and ultimately restore tissue integrity (Chi & Trinkaus-
Randall, 2013). This wave is propagated by nucleotides such as adenoside triphosphate 
(ATP), which are released from cells physically damaged by the wound (Weinger, 
Klepeis, & Trinkaus-Randall, 2005), and growth factors such as epidermal growth factor 
(EGF; Klepeis, Cornell-Bell, & Trinkaus-Randall, 2001), the concentration of which 
increases in tears following injury to the cornea (Klenkler, Sheardown, & Jones, 2007). 
Nucleotides released after injury by ruptured cells bind to purinergic receptors 
(purinoreceptors) on undamaged cells near the wound (Chi & Trinkaus-Randall, 2013). 
Two broad categories of purinoreceptors exist: the P2Y class of G protein-coupled 
receptors and the P2X class of ligand-gated ionotropic receptors. P2Y receptors act 
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through second messengers to release calcium from the smooth endoplasmic reticulum, 
while P2X receptors gate calcium and other cations from the extracellular environment 
(Erb, Liao, Seye, & Weisman, 2006). Thus, both classes of purinergic receptors initiate 
signaling cascades by inducing cytosolic calcium fluxes, but by different mechanisms and 
presumably with consequent activation of different (but potentially overlapping) 
downstream effectors (Chi & Trinkaus-Randall, 2013). 
Epithelial cell migration exhibits important differences from that of other cell 
types. Most notably, epithelial cells participate in collective migration as sheets, during 
which cell-cell junctions are maintained (Rørth, 2009). Furthermore, the migratory 
response to injury in the corneal epithelium differs from that of other epithelia in that 
proliferation is suppressed during early stages of wound closure (Zieske, Francesconi, & 
Guo, 2004). 
 
Previous Laboratory Findings 
Previously, our lab demonstrated the importance of the P2Y2 receptor in the 
response of corneal epithelial cells to injury. For instance, downregulation of P2Y2 using 
small interfering ribonucleic acid (siRNA) was found to attenuate calcium mobilization 
and impair migration after injury (Boucher, Rich, Lee, Marcincin, & Trinkaus-Randall, 
2010). P2Y2 was also shown to play a role in both wound- and nucleotide-induced 
phosphorylation of focal adhesion proteins as well as cross-activation of the EGF 
receptor (Kehasse et al., 2013). 
More recently, our lab demonstrated using a rat corneal organ culture model that 
corneas treated with the P2X7 inhibitor oxidized ATP (oxATP; Murgia, Hanau, Pizzo, 
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Rippa, & Virgilio, 1993) before epithelial injury exhibited impaired wound healing 
relative to control corneas. Intriguingly, we also observed that P2X7 was concentrated at 
the leading edge of wounded corneal epithelium (Figure 1) despite the overall decrease in 
P2X7 expression observed via Western blot (Minns, Teicher, Rich, & Trinkaus-Randall, 
2015). 
Using an in vitro human corneal limbal epithelial (HCLE) cell line model, P2X7 
was found to play a role in determining the intensity of the injury-induced calcium 
response in cells immediately adjacent to the wound. Scratch wound assays using these 
cells (Figure 2) corroborated the impaired migration observed in organ cultured rat 
corneas upon treatment with oxATP. Furthermore, immunofluorescence staining of cells 
fixed eight hours after injury revealed an altered actin cytoskeleton which appeared to 
feature actin bundles that ran parallel to the wound as well as fewer and shorter filopodia 
in oxATP-treated cells compared to control cells (Figure 3). Treated cells also exhibited 
fewer talin- and vinculin-containing focal adhesions and a concentration of focal 
adhesions along the leading edge of cells at the wound margin (Figure 3; Minns, Teicher, 
Rich, & Trinkaus-Randall, 2015). 
 
Thesis Objectives 
The goal of the present study was to further characterize P2X7’s role in the 
overall response to injury by using live cell imaging to examine actin cytoskeletal 
rearrangements and focal adhesion dynamics after injury under both control conditions 
and conditions of P2X7 inhibition. 
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The accomplishment of this goal required extensive optimization of transduction, 
confocal microscopy, and image analysis protocols. Therefore, information relevant to 
the optimization of these protocols is presented where appropriate and the thesis 
constitutes in part a “how-to” guide to similar experiments. 
Ultimately, HCLE cells were transduced to express either actin or talin tagged 
with green fluorescent protein (GFP), grown to confluence, and scratch wounded in the 
presence or absence of oxATP. Cells at the leading edge of the wound were imaged using 
confocal microscopy every 10 minutes for 4 hours beginning 0.5 hours after injury. The 
resulting movies were analyzed for a variety of parameters and characteristics including 
area migrated over time, length and number of filopodia per cell over time, angle of actin 
bundles relative to the direction of migration over time, focal adhesion lifespan, and 
relative frequency of focal adhesion merging and splitting events. 
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METHODS 
 
Cell Culture and Transduction 
Human corneal limbal epithelial (HCLE) cells were a kind gift from Dr. Ilene 
Gipson (Gipson et al., 2003). Cells were cultured in Keratinocyte Serum-Free Media 
supplemented with 25 µg/mL bovine pituitary extract, 0.02 nM EGF, 0.03 mM CaCl2, 
100 U/mL penicillin, 100 µg/mL streptomycin, and 0.5% (v/v) amphotericin B 
(Fungizone; Invitrogen, Carlsbad, CA). Cells were maintained in 100 mm diameter cell 
culture dishes (for actin-GFP experiments) or 25 mm2 cell culture flasks (for talin-GFP 
experiments), passaged when approximately 80% confluent, and resuspended in 5 mL 
media to obtain the cell suspension used for the transduction and plating protocols 
described below. 
Cells were transduced using the baculovirus-based reagents CellLight Actin-GFP 
or Talin-GFP, BacMam 2.0 (Molecular Probes, Eugene, OR). Transduction efficiency 
was considered extremely desirable for the experiments in this study because of the need 
to grow transduced cells to confluence (requiring several days) and subsequently find 
cells still expressing appropriate levels of the GFP-tagged protein of interest along the 
wound margin after injury. Therefore, several parameters were tested for their ability to 
optimize trandsduction efficiency in HCLE cells. Transduction efficiency was found to 
correlate positively with increasing multiplicity of infection and incubation time, but 
negatively with increasing volume, confluence, and time after plating. The addition of the 
reagent immediately prior to plating (i.e., while the cells were still in suspension) was 
found to be particularly effective. 
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A protocol was developed to take the above factors into account. Fifty µL of fetal 
bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA) was pipetted into the 
center of the 14 mm diameter glass well in a 35 mm diameter glass bottom cell culture 
dish (MatTek Corporation, Ashland, MA). Fifty µL of cell suspension was combined 
with 10 µL of CellLight Actin-GFP or Talin-GFP, BacMam 2.0 (Molecular Probes, 
Eugene, OR). The FBS was aspirated and replaced with 50 µL of the cell suspension with 
added reagent. The dish was incubated at 37 °C and in 5% CO2 for approximately 90 
minutes to allow the cells to adhere. Additional media (250 µL) was then very gently 
added, taking care to avoid spilling any media over the sides of the glass well and onto 
the plastic, and the dish was incubated for an additional 20-24 hours. 
Cells were subsequently maintained in 2 mL media and grown to confluence. 
Growth supplements were removed 16-24 hours prior to experimentation. One hour 
before imaging, cells were incubated with or without 100 µM oxATP (Sigma-Aldrich, St. 
Louis, MO). Vitamin C (1 mg/mL; Sigma-Aldrich, St. Louis, MO) was also added to 
minimize phototoxicity during imaging. Cells were scratch wounded using a gel-loading 
pipette tip approximately 30 minutes prior to imaging. Two or more dishes were plated 
simultaneously so that one dish for each experimental condition (i.e., control or oxATP-
treated) could be imaged on the same day. 
 
Confocal Microscopy 
Scratch wounded cells were imaged using a Zeiss LSM 510 Axiovert 200M 
inverted laser scanning confocal microscope (Zeiss, Thornwood, NY). This microscope 
was equipped with an environmental chamber which was used to maintain the cells at 37 
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°C and 5% CO2. The 488 nm line of an argon laser was used for GFP excitation. The 
laser was maintained at 50% output (approximately 6.5 amps) and the percent 
transmission was set to 5%. To minimize interference from the reflection of the excitation 
light off the coverslip, GFP emission was filtered using a 515 nm long pass primary 
dichroic in series with a 505 nm long pass secondary dichroic prior to entering the 
detector. 
The confocal pinhole was set to 2.79 Airy units, corresponding to an optical 
section of approximately 2.0 µm. This was found to maximize light collection and signal-
to-noise ratio with minimal loss of resolution. Imaging was performed using a 63X, 1.4 
numerical aperture oil immersion objective. For actin-GFP movies, images were obtained 
using a 300 by 300 pixel frame with a pixel dwell time of 175.0 µs. For talin-GFP 
movies, images were obtained using a 512 by 512 pixel frame with a pixel dwell time of 
51.2 µs. Pixel averaging was not performed in favor of increased pixel dwell times, 
which were found to be of more critical importance than pixel averaging for obtaining 
high-quality images. A digital zoom of 1.3X and 0.7X was used for actin- and talin-GFP 
movies, respectively. 
Time-lapse images were obtained at 10 minute intervals for 4 hours, with the 
initial images taken approximately 30 minutes after injury. Twelve regions were imaged 
in parallel for each dish. Software-based autofocusing was performed before acquiring 
each image using a 633 nm helium/neon laser at 50% transmission. The detector gain and 
amplifier offset were automatically adjusted by the LSM 510 imaging software (Zeiss, 
Thornwood, NY) for optimal brightness and contrast at each location. Brightfield images 
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were obtained simultaneously and used to verify that cells were at the leading edge. Four 
independent experiments were performed for each probe. 
 
Image Analysis 
Impaired migration was previously described in HCLE cells with oxATP 
treatment in conventional scratch wound assays (Minns, Teicher, Rich, & Trinkaus-
Randall, 2015). These results were obtained by measuring the distance between opposite 
sides of a scratch wound to calculate percent wound closure over time (Figure 2). 
Because the actin-GFP movies in the present study were obtained at high magnification, 
typically only one side of the wound was observed and so wound closure could not be 
measured using the same approach. Instead, area migrated over time was determined by 
tracing the contours of the leading edge at 0.5, 1.5, 2.5, 3.5, and 4.5 hours after injury and 
measuring the area between tracings at 0.5 hours and the indicated time points using 
FIJI/ImageJ (NIH, Bethesda, MD; http://imagej.nih.gov/ij/). Area migrated was 
expressed as the net difference in area (i.e., the area of positive migration minus the 
absolute value of the area of negative migration) in square microns. A total of 48 movies 
from 4 independent experiments (i.e., all actin-GFP movies) were analyzed for each 
condition. 
The length and number per cell of filopodia over time after injury was determined 
by measuring detectable filopodia at 0.5, 1.5, 2.5, 3.5, and 4.5 hours after injury using the 
line ROI tool in FIJI/ImageJ (NIH, Bethesda, MD; http://imagej.nih.gov/ij/). A total of 38 
representative control and 40 representative oxATP cells from 4 independent experiments 
were analyzed. 
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The angle of actin bundles was analyzed using the Directionality plugin (version 
2.0.1) for FIJI/ImageJ (NIH, Bethesda, MD; http://imagej.nih.gov/ij/). This plugin 
identifies structures aligned in particular directions. Of the two analytical algorithms 
supported by the plugin, “local gradient orientation” and “Fourier components,” the latter 
was selected. Structures could be assigned an angle between -90 degrees and +89 
degrees, with 180 possible gradations. The reference angle (corresponding to 0 degrees) 
was assigned by measuring the angular deviation of the direction of migration from a 
perfectly horizontal line using the angle tool in FIJI/ImageJ (NIH, Bethesda, MD; 
http://imagej.nih.gov/ij/). The plugin was used to export a histogram describing the 
"amount" of structures identified as being oriented in each possible direction. Because all 
amounts summed to 1, “amount” was interpreted as equivalent to the fraction of the total 
number of structures (i.e., actin bundles) that were identified at that angle. To translate 
this to the angular deviation from the direction of migration, the “amounts” at the 
reference angle plus and minus a given angle were summed. For example, the fraction of 
total actin bundles oriented 45 degrees from the direction of migration was calculated by 
adding the histogram outputs at +45 and -45 degrees. The fractions of total actin bundles 
with orientations falling between the ranges of 0-29, 30-59, and 60-90 degrees were 
determined by summing the fractions of total actin bundles at each angle within the 
indicated range. A total of 37 cells for each experimental condition from 4 independent 
experiments were analyzed. 
An innovative approach was required to obtain an accurate measurement of focal 
adhesion lifespan at the leading edge of collectively migrating cells after injury. 
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Specifically, because the leading edge of a wound moves over time, focal adhesions 
belonging to cells behind the leading edge constantly entered the field of view during the 
movies. A direct application of the tracking strategy typically used in measuring focal 
adhesion turnover in isolated cells (e.g., Berginski, Vitriol, Hahn, & Gomez, 2011), 
which is contingent upon the cell staying in the field of view for the duration of the 
movie, would therefore have resulted in a potentially drastic underestimate of the lifespan 
in both experimental groups. An additional complication was presented by the fact that 
cells do not necessarily move in a straightforward, grid-like pattern during collective 
migration. This made the use of a rectangular ROI of fixed dimensions but dynamic 
position, the movement of which would mirror that of the leading edge, somewhat 
inadequate, as cells could potentially enter or exit this ROI which by nature would be less 
dynamic than the cells. 
To address these issues, an ROI that was dynamic with respect to both position 
and shape was drawn at the leading edge by “connecting the dots” of leading edge cell 
nuclei which stayed within the field of view for the duration of the movie and 
incorporating everything forward of these nuclei. This minimized the effects of focal 
adhesions entering and leaving the field of view and limited the measurement of focal 
adhesion lifespan to focal adhesions in the front half of cells at the leading edge. By 
excluding everything outside of the dynamic ROI, a separate version of each movie 
containing only such focal adhesions was effectively generated. However, because focal 
adhesions which were already formed at the onset of imaging, or that had not disippated 
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by the end of imaging, were not excluded, the measurements presented in this study 
likely still slightly underestimate the actual values. 
Automated focal adhesion tracking of the resulting “dynamically cropped” 
movies was performed using the TrackMate plugin (version 2.7.4) for FIJI/ImageJ (NIH, 
Bethesda, MD; http://imagej.nih.gov/ij/). This plugin first thresholds the input images to 
identify particles, then tracks the thresholded particles through time. A focal adhesion 
with a lifespan of 10 minutes would therefore correspond to a single track consisting of a 
particle that was identified in two consecutive frames. On the other hand, a particle that 
was identified in only one frame would not constitute a track and therefore would not 
contribute to the average lifespan. For thresholding, the LoG (Laplacian of Gaussian) 
detector was used with an estimated blob diameter of 0.5 µm, a threshold of 25 (arbitrary 
units), a median filter, and sub-pixel localization. For tracking, the LAP (Linear 
Assignment Problem) tracker was used with a maximum frame-to-frame linking distance 
of 3 µm, no gap closing, and maximum track splitting and merging distances of 3 µm. A 
total of 15 representative control and 17 representative oxATP movies were analyzed. 
The relative frequency of focal adhesion merging and splitting events was 
determined using the same set of movies and reflects the number of merging and splitting 
events per track. For example, two focal adhesions that merged but did not split would 
constitute a single track associated with one merging event and zero splitting events, with 
a lifespan corresponding to the total number of consecutive frames in which at least one 
of the two pre-merge focal adhesions or the post-merge focal adhesion were present. 
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Statistical Analysis 
Values are mean plus and minus standard error of the mean. Statistical 
significance was determined by unpaired, one-tailed Student’s t-test or two-way ANOVA 
with Bonferroni post hoc test using GraphPad Prism (GraphPad Software, San Diego, 
CA). 
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RESULTS 
 
Effects of P2X7 Inhibition on Actin Cytoskeletal Rearrangements After Injury 
To validate the experimental system used in this study, actin-GFP movies were 
analyzed for the area migrated by the leading edge over time (Figure 4). This 
corroborated the impaired migration seen previously in HCLE cells with oxATP 
treatment in conventional scratch wound assays (Figure 2). In particular, the wound 
healing curve as an expression of area migrated over time closely resembled that of 
percent wound closure over time previously obtained, with the groups initially 
resembling each other but with the curve of the oxATP-treated group becoming flatter 
over time relative to that of the control group (Figures 2B and 4). This confirmed that 
migration was impaired in oxATP-treated cells in the system used in the present study 
and demonstrated that cell behavior was not altered by transduction or imaging. Leading 
edge tracings color-coded by time (Figure 5B) further corroborated the impaired 
migration of oxATP-treated cells relative to control cells. 
The immunofluorescence images that led to the present study suggested a 
difference in filopodia between control and oxATP-treated cells, with the latter appearing 
to exhibit fewer and shorter filopodia (Figure 3). The length and number per cell of 
filopodia was therefore examined over time (Figure 6). While the length of filopodia was 
not statistically different between groups, there was a trend for oxATP-treated cells to 
present initially with shorter filopodia than control cells (Figure 6A). This effect was 
apparent at 0.5 and 1.5 hours after injury (Figure 6A). However, at 2.5 hours after injury 
and subsequent time points, the difference between groups became negligible (Figure 
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6A). The number of filopodia per cell was not statistically different between groups over 
time (Figure 6B). However, the shapes of the curves suggest a possible a trend for 
oxATP-treated cells to initially present with a greater number of filopodia than control 
cells, but later with fewer filopodia (Figure 6B). 
Visual examination of movies revealed a tendency for cells in both groups to form 
large actin bundles perpendicular to the direction of migration (frames from 
representative movies shown at three time points in Figure 5A). However, these actin 
bundles tended to persist in oxATP-treated cells, whereas in control cells they tended to 
turn over to be replaced with shorter actin bundles that were oriented more obliquely 
relative to the direction of migration (Figure 5A). 
To quantify this, the angles of actin bundles at the leading edge of cells along the 
wound margin were examined over time (Figure 7). These results were expressed in 
terms of the fractions of total actin bundles with angular deviations from the direction of 
migration falling within the ranges of 0-29, 30-59, and 60-90 degrees (Figure 7). At the 
onset of imaging (i.e., 0.5 hours after wounding), the fraction of total actin bundles with 
angles between 0-29 degrees was significantly higher in oxATP-treated cells relative to 
control cells, while the opposite was observed for the fractions of total actin bundles with 
angles between 60 and 90 degrees (Figure 7A). 
The subsequent change in these fractions showed trends toward differences over 
time in the fractions of total actin bundles with angles between 30-59 and 60-90 degrees 
(Figure 7B). Specifically, the fraction of total actin bundles with angles between 60- 90 
degrees remained relatively consistent over time in control cells, whereas in oxATP-
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treated cells this fraction started lower than in control cells but ultimately plateaued at a 
value higher than that of control cells by approximately two hours after injury (Figure 
7B). A related trend was seen for the fraction of angles between 30 and 59 degrees. In 
control cells this fraction again remained relatively consistent over time, whereas in 
oxATP-treated cells the fraction started at approximately the same value but subsequently 
dropped to reach an apparent equilibrium approximately two hours after injury at a value 
lower than that of control cells (Figure 7B). 
Overall, these findings indicate that even 30 minutes after injury, there are 
significant differences between groups in the distribution of actin bundle orientations 
relative to the direction of migration (Figure 7A). Furthermore, the distribution of actin 
bundle orientations subsequently followed different trends, with oxATP-treated cells 
tending to feature actin bundles oriented more perpendicularly to the direction of 
migration compared to control cells (Figure 7B). 
 
Effects of P2X7 Inhibition on Focal Adhesion Dynamics After Injury 
Visual examination of talin-GFP migration movies showed differences between 
groups that became increasingly dramatic over time (frames from representative movies 
shown at three time points in Figure 8A). At the start of imaging (i.e., 0.5 hours after 
injury), oxATP-treated cells presented with an overall distribution of focal adhesions 
comparable to control cells, with focal adhesions organized into several rows at the 
leading edge of cells along the wound margin as well as localizing to cell-cell junctions 
(Figure 8A). Over time, in oxATP-treated cells focal adhesions appeared to become less 
prominent at cell-cell junctions and more prominent at the most distal tip of cells along 
 22 
the wound margin, whereas control cells maintained a more consistent distribution of 
focal adhesions throughout migration (Figure 8A). The difference between groups in the 
appearance of talin-containing focal adhesions at 4.5 hours after injury (Figure 8A) was 
comparable to that of both talin- and vinculin-containing focal adhesions seen previously 
in cells fixed eight hours after injury via immunofluorescence (Figure 3). 
Focal adhesion tracking was performed and the trajectories of focal adhesions 
were color-coded by lifespan and overlaid over the final frames of the movies shown in 
Figure 8A (Figure 8B). These trajectories showed a striking difference between groups 
(Figure 8B). Whereas focal adhesions in control cells tended to turn over relatively 
rapidly at the leading edge, with some longer-lived focal adhesions found at cell-cell 
junctions, in oxATP-treated cells focal adhesions exhibited slower turnover at the leading 
edge and appeared to follow more convoluted trajectories (Figure 8B). 
Several parameters of focal adhesion dynamics at the leading edge of cells along 
the wound margin were quantified (Figure 9). Focal adhesion lifespan was found to be 
significantly higher in oxATP-treated cultures, with the means at approximately 40 and 
50 minutes for control and oxATP-treated cells, respectively (Figure 9A). Additionally, a 
higher relative frequency of both focal adhesion merging (Figure 9B) and splitting 
(Figure 9C) events was observed in oxATP-treated cells relative to control cells, which 
may explain the more tortuous appearance of focal adhesion trajectories observed after 
treatment with oxATP (Figure 8B).  
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DISCUSSION 
 
The Role of P2X7 in Actin Cytoskeletal Rearrangements and Focal Adhesion 
Dynamics After Injury 
This study was undertaken to determine whether the P2X7 purinoreceptor plays a 
role in coordinating actin cytoskeletal rearrangements and focal adhesion dynamics after 
injury in the corneal epithelium. Treatment of confluent HCLE cells with the P2X7 
inhibitor oxATP prior to scratch wounding led to impaired migration, trends toward 
delayed extension and altered number over time of filopodia, and an altered distribution 
of actin bundle orientations over time compared to control cells. Furthermore, in oxATP-
treated cells focal adhesion lifespan was prolonged and there was an increased frequency 
of both focal adhesion merging and splitting events relative to control cells. 
To validate the experimental system used in this study, the contours of leading 
edges were traced and used to calculate area migrated over time (quantification shown in 
Figure 4; representative tracings shown in Figure 5B). These results aligned closely with 
previous data from conventional scratch wound assays, demonstrating impaired migration 
with oxATP treatment that became increasingly pronounced over time (Figures 2B and 
4). 
That no statistically significant differences in the length and number per cell of 
filopodia over time were found (Figure 6) was surprising, given the results previously 
seen in immunofluorescence images of cells fixed at 8 hours (Figure 3). These previous 
findings suggested that treated cells formed fewer and shorter filopodia (though this was 
not quantified). However, a trend was seen for filopodia to be shorter in treated cultures 
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at time points soon after injury, but for this effect to diminish with time (Figure 6A). This 
may suggest that treated cells are delayed in their overall initial response to injury rather 
than that there is a specific effect on filopodia. Furthermore, this difference may have 
been more pronounced immediately after injury, but because imaging did not begin until 
approximately 30 minutes after wounding, this was not observed directly and therefore 
remains speculative. Additionally, a trend was seen for oxATP-treated cells to initially 
present with more filopodia than control cells, but later with fewer filopodia (Figure 6B), 
suggesting a complex change in the number of filopodia over time. 
It may be the case that any potential differences between groups with respect to 
filopodial length and/or number become more apparent or more important later in the 
wound response. In particular, it could be that the apparent differences seen via 
immunofluorescence (Figure 3) are a consequence of the fact that at eight hours after 
injury, control cells in our scratch wound system have almost closed the wound, whereas 
oxATP-treated cells have not reached nearly the same stage of wound closure (Figure 2). 
Therefore, the difference could be a secondary effect of the altered overall time course of 
wound healing in oxATP-treated cells rather than a direct effect of oxATP treatment. For 
instance, it has been suggested that filopodia play an important role in the final stages of 
epithelial wound closure by engaging with filopodia on cells at the opposite side of the 
wound, effectively creating a meshwork of filopodia that could pull or "knit" the two 
sides of the wound together (Wood et al., 2002). 
The appearance of large actin bundles parallel to the wound occurred in both 
groups (Figure 5A). This therefore likely constitutes a normal phase in the cytoskeletal 
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rearrangements that occur after epithelial injury and presumably indicates the formation 
of a lamella containing contractile actomyosin structures. Given the parallel orientation of 
these structures relative to the wound (Figure 5A), this lamellar structure may play roles 
in anchoring subsequently formed lamellipodial protrusions and in maintaining tensional 
homeostasis between cells during collective cell migration. 
This contractile lamellar structure appeared to form more rapidly in control cells 
(Figure 5A), which would further support the hypothesis that P2X7 activation promotes 
actin cytoskeletal rearrangements after injury and that when P2X7 is inhibited there is a 
delayed mobilization of the actin cytoskeleton. Furthermore, these structures appeared to 
turn over or become less prominent in control cells over time (Figure 5A). This was 
accompanied by the formation of shorter actin bundles that were arranged more obliquely 
relative to the direction of migration (Figure 5A). In contrast, in treated cells these 
structures tended to persist (Figure 5A). 
These changes were analyzed quantitatively by following the fractions of total 
actin bundles with angular deviations between 0-29, 30-59, and 60-90 degrees from the 
direction of migration over time (Figure 7). While this analytical strategy generally 
corroborated the trends seen visually in Figure 5A, additional differences would likely be 
revealed by correlating angle with the length, thickness, and curvature of actin bundles 
over time. 
The initial formation of actin bundles perpendicular to the direction of migration 
may constitute an important stage in the early wound response. However, the persistence 
of these structures in oxATP-treated cells could be detrimental to migration. A possible 
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mechanism could be that contractile activity of actin bundles oriented more obliquely 
relative to the direction of migration would tend to pull a cell forward, whereas the 
contractile activity of actin bundles oriented perpendicularly to the direction of migration 
would not contribute to forward movement because their orthogonal orientation would 
preclude the transmission of force vectors along the direction of migration. 
Because lamellar actin bundles (which presumably contained contractile 
actomyosin structures) were formed but did not turn over in oxATP-treated cells, and this 
appeared to be accompanied by impaired lamellipodia formation compared to control 
cells, it may be that P2X7 acts upstream of one or more Rho GTPases. This would likely 
involve an unidentified, calcium-sensitive intermediate. Given the mutually antagonistic 
activities of RhoA and Rac1 in organizing the actin cytoskeleton (Spiering & Hodgson, 
2011), the persistence of actin bundles at the leading edge of oxATP-treated cells could 
be explained by either RhoA activation or Rac1 inhibition. A potential implication of 
such a scenario is that upon treatment with oxATP the front-rear polarity of cells along 
the wound margin may be compromised. While it is possible that Cdc42 might also be 
downstream of P2X7, the apparently conflicting evidence for changes in filopodia with 
oxATP treatment makes this somewhat less plausible. 
Another potential explanation for the effects seen in this study is that oxATP is 
acting off-target from P2X7. In particular, oxATP may be binding to the ATP pocket of 
actin monomers and preventing their normal cycle of ATP hydrolysis upon recruitment to 
actin filaments, thereby impairing actin cytoskeletal turnover. A possible mechanism for 
this is that the slow ATPase activity of actin monomers is thought to pace the activity of 
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severing proteins such as cofilin, gelsolin, and myosin by serving as a molecular indicator 
of the age of individual actin filaments (Bugyi & Carlier, 2010). Since actin monomers 
are typically recruited to actin filaments in their ATP-bound form, which is resistant to 
the activity of severing proteins, newly formed actin filaments are enriched with ATP-
bound monomers and therefore less likely to be severed (Blanchoin, Boujemaa-Paterski, 
Sykes, & Plastino, 2014). However, if the effects of oxATP on migration are primarily 
the result of off-target interaction with actin, this would not explain the diminished 
calcium response seen in oxATP-treated cells compared to control cells (Minns, Teicher, 
Rich, & Trinkaus-Randall, 2015). 
Of course, even if oxATP is not acting off-target, P2X7 inhibition by oxATP 
could still somehow be inhibiting the activity of proteins involved in actin cytoskeletal 
turnover. In particular, P2X7 could be upstream of gelsolin, a calcium-dependent actin 
filament severing protein (Nag, Larsson, Robinson, & Burtnick, 2013). Another 
possibility is that P2X7 may be upstream of calpain, a calcium-activated protease that 
cleaves a number of proteins important for cell motility including the focal adhesion 
proteins talin and vinculin (Franco & Huttenlocher, 2005). 
Focal adhesion lifespan was found to be enhanced by oxATP treatment (Figures 
8B and 9A), but whether the increase in focal adhesion merging (Figure 9B) and splitting 
(Figure 9C) events observed in oxATP-treated cells relative to control cells is also a 
direct consequence of oxATP treatment or an indirect result of the increased lifespan of 
focal adhesions remains an open question. While the increased frequency of focal 
adhesion merging events in treated cells might reasonably have been expected based on 
 28 
the increased lifespan, the similar increase in frequency of focal adhesion splitting events 
is less straightforward. It is possible that the increase in splitting events indicates the 
involvement of a pathway distinct from those involved in focal adhesion maturation and 
turnover. However, the increase in splitting events is not necessarily inconsistent with the 
idea of enhanced focal adhesion stability as while such focal adhesions did not continue 
to mature or merge with other focal adhesions, the fact that they split into two smaller 
focal adhesions instead of simply disassembling may reflect impaired turnover. 
The increase in focal adhesion lifespan observed after treatment with oxATP 
relative to control cells could be explained by changes in Rho GTPase activation, since 
focal adhesion maturation is strongly influenced by the interplay between RhoA and 
Rac1 (Lawson & Burridge, 2014). The tipping of the balance of power toward RhoA 
could therefore stabilize focal adhesions by supporting actomyosin contractility, while 
decreased Rac1 activity could inhibit the formation of new focal adhesions by virtue of 
its RhoA antagonism. This could also help to explain the increased frequency of focal 
adhesion merging and splitting events observed in oxATP-treated cells, as perhaps the 
increased RhoA-mediated actomyosin contractility in these cells is causing the 
snowballing process of focal adhesion maturation to become overactivated, leading to the 
merging and splitting of focal adhesions by the same pathways more normally associated 
with focal adhesion maturation. 
The above-described potential mechanisms and pathways for the results seen in 
this study are diagrammed in Figure 10. 
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The Role of P2X7 in the Overall Corneal Epithelial Wound Response 
Previous laboratory findings concerning P2Y2 and P2X7, along with the findings 
from the present study, suggest a complementary role between these two receptors during 
the response to injury. For instance, P2Y2 downregulation by siRNA was found to 
attenuate the distance of wound-induced calcium wave propagation (Boucher, Rich, Lee, 
Marcincin, & Trinkaus-Randall, 2010), whereas P2X7 inhibition with oxATP attenuated 
the intensity of the calcium response in cells immediately adjacent to the wound (Minns, 
Teicher, Rich, & Trinkaus-Randall, 2015). Furthermore, P2Y2 was shown to be 
upregulated after injury (Kehasse et al., 2013), whereas P2X7 was found to be 
downregulated except in cells that were in close proximity to the wound margin (Minns, 
Teicher, Rich, & Trinkaus-Randall, 2015). 
In light of these findings, as well as those found in the present study, we 
hypothesize that P2X7 and P2Y2 make distinct and complementary contributions to the 
overall wound-induced calcium response and subsequent downstream signaling events in 
the corneal epithelium. In particular, we hypothesize that P2Y2 may act primarily in cells 
back from the leading edge to promote the collective migration of cells as sheets. In 
contrast, P2X7 may play a more prominent role in orchestrating the rapid rearrangements 
of the actin cytoskeleton and turnover of focal adhesions in cells at the leading edge. 
 
Future Directions 
As an initial follow-up to the present study, the activation profiles of the Rho 
GTPases RhoA, Rac1, and Cdc42 could be examined after injury in the presence or 
absence of oxATP. Another initial follow-up could examine actin cytoskeletal 
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rearrangements and focal adhesion dynamics immediately after injury. This would test 
the hypothesis that wound-induced actin cytoskeletal rearrangements are delayed when 
P2X7 is inhibited. An examination of events immediately prior to final wound closure 
could also be illuminating, and in particular may help to resolve the apparently 
conflicting results regarding P2X7 inhibition’s effect on filopodia. 
To further dissect the mechanisms of the effects seen in the present study, future 
research could employ techniques such as fluorescence recovery after photobleaching 
(FRAP) of actin cytoskeletal structures and focal adhesions to examine the recruitment 
and turnover of proteins within these structures in the presence or absence of oxATP. 
Traction force microscopy could also be used to investigate the mechanical forces 
associated with migration under control conditions and conditions of P2X7 inhibition. 
To help resolve the issue of whether the effects seen in the present study are 
attributable at least in part to a direct interaction of oxATP with actin (or other off-target 
effects), future research could make use of alternative P2X7 antagonists, siRNA, or gene 
knockdown. It may also be enlightening to use P2X7 agonists to examine the effects of 
P2X7-specific activation. 
While this study has focused primarily on analyzing events at the leading edge of 
cells along the wound margin, future research could examine the dynamics of collective 
cell migration back from the leading edge after injury. A particular focus of such research 
could be to help clarify the individual contributions of P2X7 and P2Y2 to wound healing 
in the corneal epithelium. It may be desirable to enhance the physiological relevance of 
such studies by using in vivo imaging techniques or cells grown in stratified cultures. 
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Finally, because the analytical methods used in this study were in many cases 
considerably time-intensive, a major focus of future research could be to program 
custom-tailored routines for automated image analysis.  
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Figure 1. Previous finding: P2X7 expression in corneal epithelium decreases overall 
but increases at the leading edge after injury. Immunohistochemistry of ex vivo rat 
corneas demonstrates P2X7 localization in (A) unwounded and (B) wounded control and 
100 µM oxATP-treated corneal epithelium 12 hours after injury. Note that inhibition of 
P2X7 prevents the change in P2X7 expression and localization after injury. Images are 
representative of 3 independent experiments. E = epithelium, S = stroma, * = leading 
edge. Scale bars = 50 µm. Experiments were performed and images were collected by 
Martin S. Minns, Ph.D. (Minns, Teicher, Rich, & Trinkaus-Randall, 2015) and are used 
with permission.  
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Figure 2. Previous finding: P2X7 inhibition impairs wound healing. Confluent HCLE 
cells were scratch wounded in the presence or absence of 10 or 100 µM oxATP and 
phase contrast images were collected at 0, 2, 4, and 8 hours after injury. (A) Images of 
control and 100 µM oxATP-treated cells at 0 and 8 hours after injury are representative 
of 4 independent experiments. (B) Quantification of wound closure over time. Values are 
mean ± standard error of the mean. Significance was determined by two-way ANOVA 
with Dunnett post hoc test (*p < 0.05, ****p < 0.0001). N = 4 independent experiments. 
Experiments were performed, images were collected, and analysis was performed by 
Martin S. Minns, Ph.D. (Minns, Teicher, Rich, & Trinkaus-Randall, 2015) and are used 
with permission.  
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Figure 3. Previous finding: P2X7 inhibition alters focal adhesion localization and 
actin cytoskeletal architecture after injury. Confluent HCLE cells were scratch 
wounded in the presence or absence of 100 µM oxATP, fixed 8 hours after injury, and 
stained for f-actin and either (A) talin or (B) vinculin. Images are representative of 4 
independent experiments. Scale bars = 20 µm. Experiments were performed and images 
were collected by Martin S. Minns, Ph.D. (Minns, Teicher, Rich, & Trinkaus-Randall, 
2015) and are used with permission.  
 35 
Figure 4. Proof of concept: P2X7 inhibition impairs wound healing in the 
experimental system used in the present study. Actin-GFP movies such as those 
shown in Figure 5A were analyzed for area migrated over time. Quantification of area 
migrated at indicated times after injury corroborates the impaired wound healing seen 
under conditions of P2X7 inhibition shown in Figure 2 and demonstrates that cell 
behavior was not altered by the transduction and imaging protocols used in the present 
study. N = 48 movies for each condition from 4 independent experiments. Values are 
mean ± standard error of the mean. Significance was determined by two-way ANOVA 
with Bonferroni post hoc test (*p < 0.05, ***p < 0.001, ****p < 0.0001); bracket 
indicates overall significance.  
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Figure 5. P2X7 inhibition alters actin cytoskeletal rearrangements after injury. 
Confluent HCLE cells expressing actin-GFP were scratch-wounded in the presence or 
absence of 100 µM oxATP and confocal microscopy images were acquired every 10 
minutes for 4 hours, with the initial images obtained 0.5 hours after injury. (A) Frames 
from movies are shown at three time points after injury and are representative of 48 
control and 48 oxATP movies from four independent experiments. Scale bar = 20 µm. 
(B) Leading edge tracings of the cells shown in (A) are color-coded by time.  
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Figure 6. P2X7 inhibition delays the extension of filopodia and may alter the 
number of filopodia over time after injury. Actin-GFP movies such as those shown in 
Figure 5A were analyzed for (A) length of filopodia over time and (B) number of 
filopodia per cell over time. Values are mean ± standard error of the mean. N = 40 
control and 38 oxATP cells from four independent experiments. Overall significance 
(indicated by brackets) was determined by two-way ANOVA (n.s. = not significant).  
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Figure 7. P2X7 inhibition alters the distribution of actin filament orientations over 
time after injury. Actin-GFP movies such as those shown in Figure 5A were analyzed 
for the fractions of total actin bundles that were oriented 0-29, 30-59, and 60-90 degrees 
from the direction of migration. (A) The fractions of total actin bundles with indicated 
angles 0.5 hours after injury. Significance was determined by unpaired, one-tailed 
Student’s t-test (**p < 0.01, n.s. = not significant). (B) The fractions of total actin 
bundles with indicated angles over time. N = 37 control and 37 oxATP cells from four 
independent experiments. Overall significance (indicated by brackets) was determined by 
two-way ANOVA (n.s. = not significant). Values are mean ± standard error of the mean.  
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Figure 8. P2X7 inhibition alters localization over time and leads to convoluted 
trajectories of focal adhesions after injury. Confluent HCLE cells expressing talin-
GFP were scratch-wounded in the presence or absence of 100 µM oxATP and confocal 
microscopy images were acquired every 10 minutes for 4 hours, with the initial images 
obtained 0.5 hours after injury. (A) Frames from movies are shown at three time points 
after injury and are representative of 48 control and 48 oxATP movies from four 
independent experiments. Scale bar = 20 µm. (B) Focal adhesion trajectories color-coded 
by focal adhesion lifespan and overlaid over the final frames of the movies shown in (A) 
reveal convoluted focal adhesion paths in oxATP-treated cells.  
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Figure 9. P2X7 inhibition alters focal adhesion dynamics at the leading edge after 
injury. Talin-GFP movies such as those shown in Figure 8A were analyzed for several 
parameters of focal adhesion dynamics. P2X7 inhibition was associated with (A) 
impaired focal adhesion turnover, (B) increased relative frequency of focal adhesion 
merging events, and (C) increased relative frequency of focal adhesion splitting events. N 
= 15 control and 17 oxATP movies from four independent experiments. Values are mean 
± standard error of the mean. Significance was determined by unpaired, one-tailed 
Student’s t-test (**p < 0.01, ***p < 0.001).  
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Figure 10. Possible mechanisms for P2X7’s role in actin cytoskeletal 
rearrangements and focal adhesion dynamics after injury. Possible mechanisms for 
oxATP’s disruption of these pathways (indicated by circles with diagonal crosshairs) are 
also shown.  
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